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The Ran GTPase regulates mitotic spindle assembly
Petr Kalab*, Robert T. Pu† and Mary Dasso*
Ran is an abundant nuclear GTPase with a clear role in
nuclear transport during interphase [1] but with roles in
mitotic regulation that are less well understood [2]. The
nucleotide-binding state of Ran is regulated by a
GTPase activating protein, RanGAP1, and by a guanine
nucleotide exchange factor, RCC1. Ran also interacts
with a guanine nucleotide dissociation inhibitor,
RanBP1. RanBP1 has a high affinity for GTP-bound Ran,
and it acts as a cofactor for RanGAP1, increasing the
rate of GAP-mediated GTP hydrolysis on Ran
approximately tenfold [3]. RanBP1 levels oscillate
during the cell cycle [4], and increased concentrations
of RanBP1 prolong mitosis in mammalian cells [4] and
in Xenopus egg extracts (our unpublished
observations). We investigated how increased
concentrations of RanBP1 disturb mitosis. We found
that spindle assembly is dramatically disrupted when
exogenous RanBP1 is added to M phase Xenopus egg
extracts. We present evidence that the role of Ran in
spindle assembly is independent of nuclear transport
and is probably mediated through changes in
microtubule dynamics.
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Results and discussion
To examine the role of RanBP1 during mitosis, we assem-
bled spindles directly from sperm chromatin in extracts
arrested in M phase (by the cytostatic factor CSF) that con-
tained rhodamine-labeled tubulin [5]. The efficiency of
spindle assembly was severely reduced in extracts contain-
ing exogenous RanBP1. The remaining spindles were dis-
organized and had a very low density of microtubules,
which associated poorly with chromosomes (Figure 1a).
Moreover, when RCC1 protein was added the spindles dis-
played a distinct set of characteristic defects — most
notably, circular or spiral microtubule structures at one or
both poles (Figure 1a) — and noncentrosomal asters formed
that did not have attached chromatin (see later). It is impor-
tant to note that these effects cannot be attributed to
defects in nuclear transport, as spindle assembly occurs in
CSF-arrested extracts in the absence of either nuclear enve-
lope assembly or any period during which the extract would
enter interphase.
We also examined the effect of two Ran mutants on
spindle assembly. RanT24N binds RCC1 and inhibits its
exchange activity [6]. RanG19V is unable to undergo
RanGAP1-stimulated GTP hydrolysis [7]. If changes in
the Ran–GTP and Ran–GDP pools gave rise to the
spindle defects we observed, we anticipated that RanT24N
should cause defects resembling those in RanBP1-treated
extracts, and that RanG19V should cause defects resem-
bling those in RCC1-treated extracts. Both of these pre-
dictions proved to be true. RanT24N substantially reduced
the number of spindles assembled in the reaction, and the
residual spindles had a reduced density of microtubules
(Figure 1b). Addition of RCC1 partially reversed the
RanT24N-induced defects. Like RCC1, RanG19V did not
block spindle assembly but promoted increased formation
of noncentrosomal asters (see later). Taken together, these
data persuasively demonstrate a role for the Ran pathway
in spindle assembly.
There are at least two mechanisms whereby spindle assem-
bly might be disrupted in the manner that we observed [8].
First, Ran could alter microtubule polymer dynamics by
controlling tubulin polymerization or microtubule stability;
second, Ran could regulate microtubule motor proteins that
are required for spindle assembly. To differentiate
between these possibilities, we examined the nucleation of
microtubules from sperm centrioles in CSF extracts [9,10].
Sperm centrioles are incompetent to form asters before
they have acquired components from the egg extract. After
7–8 minutes of assembly, centrosomes serve as highly
active microtubule organizing centers (MTOCs). This reac-
tion requires microtubule polymerization as well as micro-
tubule nucleating and stabilizing activities [9,10], but it is
independent of NuMA, a key motor accessory protein [11].
We thus predicted that RanBP1 should disrupt the forma-
tion of asters around sperm centrioles if Ran regulates
microtubule dynamics, but RanBP1 should have little
effect if Ran regulates microtubule motor proteins.
We preincubated CSF extracts with exogenous RanBP1,
RCC1 or both proteins prior to the addition of sperm nuclei
(Figure 2). RanBP1 abolished microtubule nucleation on
sperm centrioles, whereas asters in RCC1-treated samples
were typically larger than in control reactions. These results
suggest that increased levels of Ran–GTP promote aster
formation, whereas decreased levels of Ran–GTP inhibit
aster formation. This hypothesis is further supported by the
observation that the inhibitory effect of RanBP1 on micro-
tubule nucleation was quantitatively reversed by RCC1.
Furthermore, the addition of Ran pathway components to
mitotic mammalian extracts containing taxol-stabilized
microtubules [12] did not indicate that mitotic motors are
regulated through the Ran pathway (P.K. and D. Compton,
unpublished observations). Taken together, these experi-
ments suggest that Ran regulates microtubule dynamics
rather than spindle motor activities.
During experiments using RCC1-treated extracts, we noted
a remarkable increase in asters that were not centrosome-
associated. To study these asters further, we examined
microtubules in extracts with and without sperm chromatin
in the presence of RanG19V bound to the non-hydrolyzable
GTP analogue GTPγS, as well as in the presence of RCC1,
RanT24N and RanBP1 (Figure 3a and data not shown). For
these observations, we performed time-lapse imaging with
unfixed samples. In untreated controls, normal spindles
assembled around sperm chromatin within 30 minutes
(Figure 3a) and remained stable for up to 90 minutes, but
there were no noncentrosomal asters in either the presence
or absence of chromatin. In contrast, noncentrosomal asters
developed coincident with the start of microtubule nucle-
ation on centrosomes in RanG19V-treated extracts contain-
ing sperm chromatin. These noncentrosomal MTOCs
became interconnected by bundles of microtubules,
forming a polygonal network within 20–30 minutes which
was frequently associated with spindles formed around
sperm chromatin. These polygonal lattices also formed in
the absence of sperm chromatin, confirming that their
assembly did not require sperm centrioles or chromosomes.
Similar polygonal lattices of microtubules were formed in
reactions with and without sperm nuclei containing exoge-
nous RCC1 (data not shown). 
The presence of 10 µM GTPγS alone did not affect
spindle formation or promote noncentrosomal asters (data
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Figure 1
Deregulation of the Ran GTPase pathway
disrupts spindle assembly. (a) Spindles were
observed 30 min after the addition of sperm
nuclei to CSF extracts containing buffer
(control), RanBP1 or RCC1. The presence of
0.2 mg/ml exogenous RanBP1 reduced
spindle microtubule density and decreased
the association of spindles with
chromosomes. 0.1 mg/ml RCC1 induced
hoop-like structures at the spindle poles and
increased the number of MTOCs not
associated with chromosomes. (b) Spindles
were observed in CSF extracts containing
wild-type (WT) Ran, RanT24N and both
RanT24N and RCC1 after 40 min of assembly.
Addition of 0.2 mg/ml RanT24N disrupted
spindle assembly in a manner reminiscent of
RanBP1. Spindle morphology in the RanT24N-
treated extracts was partially rescued by
0.2 mg/ml RCC1. In all the figures,
rhodamine-labeled tubulin is shown in green
and DNA labeled with Hoechst 33342 dye is
shown in red; the bar represents 20 µm.
(a) Control RanBP1 RCC1
(b) Control WT Ran RanT24N RanT24N + RCC1
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Figure 2
The Ran GTPase pathway and assembly of
asters from sperm centrioles. CSF extracts
containing rhodamine-labeled tubulin were
preincubated at 22°C for 15 min with
0.2 mg/ml RanBP1, 0.1 mg/ml RCC1 or both,
as indicated. Sperm nuclei were added to
these extracts, and asters were visualized
after 10 min of further incubation. Exogenous
RanBP1 essentially eliminated aster formation.
This inhibition was reversed by the addition of
RCC1. The bar represents 20 µm.
Control RanBP1 RanBP1 + RCC1 RCC1
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not shown), suggesting that this effect did not result from
GTPγS being released from RanG19V and binding other
GTPases. Noncentrosomal asters were not observed in
reactions treated with RanT24N or RanBP1 (data not
shown). The capacity of RCC1 and GTPγS-bound
RanG19V to induce noncentrosomal asters strongly sug-
gests that high Ran–GTP levels can override the role of
the centrosome as a dominant MTOC during mitosis and
can induce massive microtubule polymerization in the
complete absence of centrosomes. Interestingly,
RanG19V-induced or RCC1-induced noncentrosomal
asters that formed in the absence of added sperm nuclei
also possessed γ-tubulin (data not shown). 
The lattices formed in reactions with GTPγS-bound
RanG19V were highly dynamic. At later times
(50–80 minutes, Figure 3b), they frequently rearranged
into bipolar, spindle-like microtubule structures in the
absence of DNA. These structures were 50–90% as long
as spindles assembled around chromatin in control reac-
tions. The formation of spindle-like microtubule struc-
tures in the absence of DNA was similarly observed in
RCC1-treated reactions. We also noted that connections
between microtubules and chromosomes were often lost
during the same period in RanG19V-treated reactions
where sperm nuclei had been added. The dissociation of
microtubules from chromatin that was induced by
RanG19V and RCC1 was remarkable because micro-
tubules are normally stabilized in the vicinity of chromo-
somes during mitosis through a poorly understood
‘distance effect’ [13]. It has been proposed that this dis-
tance effect arises from the association of chromatin with
an enzyme, generating a gradient of the enzyme’s product
that is inversely proportional to the distance from the
chromosome. Our observations could suggest that the sta-
bilization of microtubules by their proximity to chromo-
somes has become significantly less important in
reactions treated with RanG19V or RCC1 than in controls.
Although it has been suggested that the enzyme responsi-
ble for the distance effect may be a phosphatase, it is
noteworthy that RCC1 is a chromatin-associated protein
and that a gradient of Ran–GTP could contribute to the
distance effect.
Our findings are even more interesting in the light of a
recent report proposing that overexpression of RanBPM,
a centrosomal protein that binds weakly to Ran–GTP, can
reorganize microtubule networks in mammalian cells
[14]. This report would be consistent with the notion that
RanBPM is an effector for Ran in the spindle assembly
pathway. It is also formally possible, however, that
spindle assembly is modulated by the sequestration of
spindle components by transport receptors following
changes in Ran–GTP pools. Such a mechanism might
imply that other components of the transport machinery
are required to regulate mitotic spindle assembly, through
transport-related complexes, during a phase of the cell
cycle when nuclear transport is not occurring. The targets
of Ran in spindle assembly also merit further study. Our
data suggest that Ran–GTP promotes the polymerization
or stability of microtubules in M phase egg extracts. We
cannot yet definitively prove whether Ran regulates
microtubule polymerization and depolymerization
directly or indirectly. We currently favor the notion that
Ran acts relatively directly to stabilize polymerized
microtubules, as it has been well-established that treat-
ments that stabilize microtubules can promote the forma-
tion of non-centrosomal MTOCs similar to those we
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Figure 3
Ran–GTP induces the formation of ectopic
MTOCs that are capable of forming spindle-
like microtubule structures that do not
associate with DNA. (a) CSF extracts were
incubated in the presence or absence of
sperm nuclei, as indicated. After 30 min of
incubation, abundant MTOCs formed in the
reaction containing sperm nuclei plus
0.2 mg/ml RanG19V, the majority of which
were not directly associated with chromatin.
Similarly, formation of ectopic MTOCs was
observed in RanG19V-treated samples in the
absence of nuclei. (b) Extracts with RanG19V
as in (a) were observed after 50–80 min of
incubation. Microtubule lattices in reactions
without DNA rearranged into bipolar spindle-
like structures. In reactions with sperm nuclei,
microtubules lost association to
chromosomes and frequently rearranged into
circular chains of bipolar spindle-like
structures around the chromatin. Parallel
control reactions showed stable spindles
associated with sperm chromatin but no
microtubule structures without chromosomes
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observe when Ran–GTP concentrations are increased
(see, for instance, [10]). 
It is worth speculating why Ran regulates both nuclear
transport during interphase and spindle assembly during
mitosis. During interphase, RanGAP1 is cytosolic and
RCC1 is chromatin associated, therefore nuclear Ran is
GTP-bound and cytosolic Ran is GDP-bound. This asym-
metry is important for the directionality in nuclear trans-
port [1]. This gradient is broken down during mitosis,
however, resulting in an interval in each cell cycle during
which cytosolic Ran effectors are exposed to Ran–GTP
and nuclear proteins are exposed to Ran–GDP. It is possi-
ble that the cell cycle machinery might detect dispersion
of the Ran gradient as a signal that nuclear envelope
breakdown (NEB) has occurred and that spindle assembly
should proceed. Consistent with such a notion, it has been
reported that NEB coincides with a shift of microtubule
dynamics from the interphase pattern to the mitotic
pattern [15]. Such a hypothesis might also help explain
why the Ran pathway is required for the maintenance of
the DNA replication checkpoint [2].
In summary, our observations document a novel, trans-
port-independent role for Ran in spindle assembly. In par-
ticular, our data suggest that Ran regulates microtubule
dynamics in a manner that does not require centrioles or
chromatin-associated factors. Increased levels of GTP-
bound Ran resulting from the addition of RCC1 or
GTPγS-bound RanG19V promote the formation of noncen-
trosomal MTOCs, suggesting that some Ran–GTP-
dependent step might normally be limiting for MTOC
formation in Xenopus egg extracts. 
Materials and methods
Recombinant proteins
His-tagged RanBP1 was as described [16] and used at
180–200 µg/ml final concentration. RCC1 protein was as described
[6] and used at 60–100 µg/ml. The approximate endogenous RanBP1
concentration in egg extracts is 25 µg/ml [16]; the RCC1 concentra-
tion is roughly 6 µg/ml [6]; the Ran concentration is 150 µg/ml.
S-tagged wild-type and mutant Ran were expressed in E. coli (strain
BL21 DE3) using a pET30a vector (Novagen). An S-tag thrombin
purification kit (Novagen) was used to purify the proteins, cleave them
and remove thrombin from the preparations after cleavage. The pro-
teins were exchanged into XB* buffer [6] and used at 160–200 µg/ml. 
Assays for spindle formation in CSF extracts
CSF extracts were prepared as described [5]. In Figure 1, CSF
extracts were supplemented with 200 sperm nuclei/µl and 25 µg/ml
rhodamine-labeled tubulin (Molecular Probes). The samples were
divided into 20 µl aliquots on ice. Recombinant proteins or an equal
volume of buffer were added to extracts in less than 8% of the final
reaction volume. The samples were then transferred to 22°C. Aliquots
of the reactions were fixed on microscope slides as described [5] and
viewed on a Zeiss Axioplan fluorescent microscope. Photographs were
taken with a Photometrix PXL CCD camera using the IP Lab software
package (Signal Analytics). In Figure 2, aliquots of CSF extracts with
rhodamine–tubulin were supplemented with buffer (control), recombi-
nant proteins (RanBP1, RCC1 or both) and incubated for 15 min at
22°C before the addition of sperm (final concentration 1000 nuclei/µl).
At 9–10 min after the addition of nuclei, 1 µl aliquots from each sample
were fixed as described above. In Figure 3, CSF extracts containing
rhodamine–tubulin and Hoechst 33342 dye were prepared with and
without 200 nuclei/µl; 7 µl aliquots were pipeted onto microscope
slides and enclosed in vaseline-sealed chambers beneath 22 mm
square cover glasses (Corning). 
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